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ABSTRACT: The role of gold as the organizing metal in
homo- and cross-coupling reactions is explored in this paper
combining DFT calculations with QTAIM, NBO, and the
energetic span model analysis. For the gold(II) complex 7, a
key intermediate in the experimental oxidative coupling scheme
by Zhang et al., we describe the mechanisms corresponding to a
cross-coupling after transmetalation with boron compounds
and to a homocoupling after transmetalation with the original
gold(I) complex 6, a new example of dual role of this metal in
homogeneous catalysis. We predict for the first path a two-step
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transmetalation with a low energy rate-limiting step characterized by a four-center transition structure, where fluorine plays an
essential role, followed by a reductive elimination where the C—C bond formation is coupled to the departure of fluorine from
the gold center. The homocoupling path follows a similar mechanism, with a two-step transmetalation with interesting changes in
bonding around the Au(I) center and a rate-limiting reductive elimination. Our findings on the competition between
mechanisms, and the effect of ligands and solvent, agree with the experimental results and provide new insights into the

mechanism of gold-catalyzed cross-coupling reactions.

B INTRODUCTION

Cross-coupling reactions are some of the most interesting
processes in organic synthesis, since they allow the formation of
C—C or C—heteroatom bonds in a very versatile way.

Gold can be used in these kinds of transformations through
different approaches:

1. As a transmetalation agent in palladium-catalyzed cross-
coupling mechanisms.'

2. As the metallic center in conventional cross-coupling
reactions.”® There has been fierce controversy as to
whether cationic gold could catalyze these processes
without the involvement of other transition metals,
because of the high redox potential'® for the Aul/Aulll
pair (¢ = +1.41 V), which makes oxidative additions on
gold centers problematic.11 It is believed, however, that
gold nanoparticles can avoid this problem, as has been
shown for the Sonogashira reaction.'"

3. In oxidative cross-couplings, using an external oxidant to
overcome the unfavorable oxidative addition step that
hinders cross-coupling cycles on gold centers. This
oxidant is most commonly Selectfluor,'* but PhI-
(OAc),"® or tBuOOH' can also be used. Examples of
this approach can be found, among others, in the recent
review articles by Hopkinson et al.'” and Wegner et al.'®

With the aim of exploring the multifaceted role of gold in
cross-coupling reactions we selected the chemistry recently
developed by Zhang et al,"*"? who expanded the carboheter-
ofunctionalization of alkenes with organometallic reagents
(arylboronic acids) to the application of the Au(I)/Au(III)
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catalytic cycles made possible by the use of external oxidants*’
(Figure 1). The first part of the mechanism proposed by the
authors (the steps connecting 1 with 6) involves a set of well-
known gold(I)-catalyzed reactions that we are not going to
describe here.”’ The focus of this work is to describe what
happens after the gold(I) complex 6, product of these
rearrangements, is oxidized to the corresponding gold(III)

OAc 2 PhpAuNT, Gmol%) O o 0
+ PhBX, ——— > | » nBu B H 5 Ph
X Selectfluor 2.0 eq) "0 | ., nBu +MBUT Y
nBu  CH,CN, 80°C, 15 min 3 0 4 5

2
Ar-B(OH), H .
— N o cross-coupling
Al 5
H

H
)\(g W
0 : .
oxidation /%/LO H .
6 Il Selectfluor L-Au-F /\/LO
® L
A
ey f6)

4< gold-catalyzed ) 6 o) . homocoupling

Al reactions of
/Au(Illy
catalytic cycle

A\ propargylic esters,
T ~N

OAc
1 Y

o
BF, |

Figure 1. Main products of the reaction described by Zhang et al.**

(top). Cross-coupling and homocoupling mechanisms starting from
the oxidized Au(III) complex 7 (bottom).
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Figure 2. Different structures and conformations for the starting gold(I) (C1 series) and gold(IIT) (F1 series) complexes. The free energies (kcal/
mol) in gas phase and (in acetonitrile) are expressed relative to those of C1-1 and F1-A-1, respectively. The colors indicate the ligand used in each
case: red, L = PHj; green, L = PMe;; blue, L = PPhy; purple, L = NHC (where NHC = 1,3-dimethylimidazol-2-ylidene). In F, the letters A, B, etc.
denote different geometries on the gold center and the descriptors 1, 2, etc. refer to the conformations of the enone moiety. In the last row, we have
included tetracoordinated Au(III) complexes with a solvent molecule as the fourth ligand, together with the transition state found for the exchange

of CH;CN with 6 on gold’s coordination sphere.**

complex 7 using Selectfluor as an external oxidant. After the
formation of 7, Zhang et al."* found that three products are
obtained in proportions that depend on the reaction
conditions. Formation of the cross-coupling product (5) is
maximized (72% vyield) with Ph;PAuCl as a catalyst and
PhB(OH), in a 20:1 mixture of acetonitrile and water, whereas
homocoupling (product 3) is favored (60—66% yields) when
Ph,PAuNTf, and dialkoxylphenylboronates (PhB(pin) or
PhB(OCH,;),) in acetonitrile are used.

We have chosen PhB(OH), as our model boron reagent
both because it maximizes the formation of the cross-coupling
product in the experiments and because of the simplicity of its
structure in terms of number of atoms and conformational
variability, which will reduce the demand of computational
resources.

The second mechanism is supposed to proceed in absence of
the boronic acid or when the transmetalation of this reagent is
not very efficient. In this case, the nonoxidized Au(I) complex 6
is able to transmetalate its enone moiety to a Au(IIl) center, on
which the C—C bond formation that leads to homocoupling
proceeds through a reductive elimination. Despite homocou-
pling products not being the most sought of in synthesis, this
mechanism is of special conceptual interest since it would
involve gold in a dual role both as the organizing metallic center
in the coupling process (transition metal behavior) and as a
transmetalation agent (metalloid behavior).

We will not study the formation of the minor product 4, as
this enone is expected to be the result of a frequently reported
process of protodeauration of either 6 or 7.
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B RESULTS AND DISCUSSION

Before starting with the study of the two reaction paths, our
first calculations involved the exploration of different ligand
arrangements and conformations of the starting gold(I)
complex (which also participates further in the homocoupling
mechanism) and its gold(IIl) oxidation product (see Figure 2).

For the gold(I) complex C1 we find that the geometry
around the metal center is always linear and that the preferred
conformation of the enone moiety is in most cases C1-1. In this
conformation, the allylic strain is minimized and a favorable
electrostatic interaction can be established between the lone
pair of the carbonyl oxygen and the gold center. This latter
interaction seems to be less important in solution, with
conformations where the oxygen is trans to gold less
destabilized or even more stable than C1-1. Due to the large
1,3-allylic strain between the two methyl groups, C1-4 is the
less stable conformation in all cases (except for L = PMe;)

For the gold(III) complexes, the main structural features are
the geometry of the ligands around the gold center and the
conformation and geometry of the enone moiety. We have
found that the s-trans-(Z)-enone that is more stable for C1 is
also preferred here. The most stable structure in gas phase
among those studied for this work (see Figure 2) is thus F1-A-
1, where the coordination of the Au(III) center is completed
with the carbonyl oxygen, whereas in solution, the open
structure F1-C-1 is more favored.

In all the complexes where gold is three cordinated, its
ligands adopt a T-shaped geometry. Structures where fluorine is
collinear with gold and the carbon or phosphorus ligands could
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Figure 3. Mechanism proposed for the cross-coupling reaction of the carbon chain on gold(IIT) complex F1 with phenylboronic acid. Free energies
(kcal/mol) in gas phase and (in acetonitrile) are expressed relative to those of F1-A (the most stable tricoordinated gold(III) complex in the gas
phase) and phenylboronic acid. For the transition structures, activation free energies are noted in bold italics. The colors indicate the ligand used in
each case: red, L = PHy; green, L = PMe;; blue, L = PPh;; purple, L = NHC, (where NHC = 1,3-dimethylimidazol-2-ylidene).

be characterized (the latter are more favorable), but we were
not able to optimize any structure with collinear carbon and
phosphine ligands. When the carbonyl oxygen is incorporated
as a fourth ligand on gold (only a stable arrangement in the gas
phase), the carbonyl group and fluorine, as well as the carbon
center and the phosphine, prefer to be on the opposite vertices
of the resultant square planar complexes. This can be
considered an example of trans influence at work’**® with
PR; and CHj;~ displaying large and F~ small effects.

For simplicity, since our main interest are the transmetalation
and reductive elimination steps, we have considered that the
starting point of both the homo- and cross-coupling
mechanisms are tetracoordinated gold complexes (B1 and G1
in Figure 3 and Figure 6, respectively). Implicit in our choice of
reference for energies, however, is the use of the most stable
tricoordinated Au(IIl) complex (F1-A-1, just F1-A from now
on), with a coordination vacancy, as the starting point. If,
instead of F1, we want to use the solvent-coordinated, square
planar F1-B-CH3CN (see Figure 2) as the entry point to these
mechanisms, we have to consider a ligand-exchange step,
previous to the formation of B1 and G1. We have optimized
the structures corresponding to this extra step for the
homocoupling mechanism with L = PMe;, finding that F1-B-
CH3CN is 14.85 kcal/mol more stable than separated CH;CN
and F1-A. Restricted optimizations (in solution) with
increasing values for the Au—N and Au—O distances starting
from the structures of F1-B-CH3CN and Gl1, respectively,
strongly suggest that this ligand exchange does not follow a
dissociative path (dissociation of CH;CN from F1-B-CH3CN
to yield tricoordinated gold intermediate F1-A, which later
incorporates C1), since in both cases the energy continuously
increases upon dissociation of the ligand (see the Supporting
Information). For the exchange between CH;CN and C1 on
complex F1-B-CH3CN to yield G1, we have found an
associative trigonal bipyramid transition structure (G1-ts-0)
that preserves the original trans disposition of fluorine and the
carbon fragment, with a well-accessible activation free energy of

11.70 kcal/mol. More complete studies about the relative
stability of different tri- and tetracoordinated Au(III) complexes
and the paths that connect them are being carried out but are
out of the scope of this manuscript.

Cross-Coupling with Arylboronic Acids. Zhang et al.
propose a mechanism for this transformation where the
gold(III) complex suffers a transmetalation with the boronic
acid, followed by C—C bond formation through reductive
elimination, analogous to that of more conventional cross-
coupling reactions.

A mechanism is proposed for the cross-coupling reaction of
the carbon chain on gold(III) complex F1 with phenylboronic
acid. Free energies (kcal/mol) in the gas phase and (in
acetonitrile) are expressed relative to those of F1-A (the most
stable tricoordinated gold(II) complex in the gas phase) and
phenylboronic acid. For the transition structures, activation free
energies are noted in bold italics. The colors indicate the ligand
used in each case: red, L = PHj; green, L = PMe;; blue, L =
PPh;; purple, L = NHC, (where NHC = 1,3-dimethylimidazol-
2-ylidene).

The first step in this mechanism (see Figure 3) involves the
coordination of the Au(III) center to the aryl fragment (B1).
This process is exothermic with the three phosphine ligands
and almost thermoneutral when considering the N-heterocyclic
carbene.

To test alternatives to Bl as a starting point for the
mechanism, other boronic acid—gold(III) complexes were
considered for L = PMe;. Geometry optimizations starting from
F1-B with boron directly attached to the fluorine on gold
converge to B2. Similar attempts starting from the more stable
F1-C converge to either unbound structures such as
Bcomplex2 (F—B distance 2.62 A) or cyclic structures such
as Bcomplexl, where the boronic acid bonds the fluorine
through the boron atom at the same time it provides an oxygen
to complete the coordination sphere of the gold(IIl) center.
Either case results in higher free energies than those found for
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Figure 4. Reaction free energy profile in gas phase (solid lines) and in solution (dashed lines) for the mechanism in Figure 3. The different
substituents used are represented with the same color code: red, L = PHj; green, L = PMe;; blue, L = PPhy; yellow, L = NHC, (where NHC = 1,3
dimethylimidazol-2-ylidene). Bottom: 3D representation of the structures involved in the mechanism using PPh; as a ligand.

the analogous structures along the proposed mechanism (B1,
B2 or B3).

B1 is then proposed to proceed to the most stable complex
we could find between F1 and phenylboronic acid, B3, through
two relatively low-lying transition states: Bts-12 and Bts-23.
Both of them involve a rocking motion of the boronic acid,
which displaces its coordination site with the gold center;
between the unsaturation and an oxygen in B-ts12 and between
this oxygen and the boron-attached carbon in Bts-23.

The stability of the three complexes (B1, B2, or B3) with
respect to the boronic acid and F1 used as origin of energies
depends on the group used as L following the PPh; > PMe; >
PH,; > NHC trend, with the exception of B1 where L = PMej; is
more stable than L = PPh; (in B2 they are almost equivalent).
For the two transition structures connecting them, the stability
decreases in the PMe; > PPhy > PH; > NHC order.

After the formation of B3, the transmetalation of the aryl
fragment on boron is completed in a very favorable and
irreversible step with a barrier of only 5.46 kcal/mol for L =
PPh;. In the corresponding transition structure a new F—B
bond is formed while the B-Ph bond breaks. Although
concerted, this transition state is rather asynchronous, as can
be appreciated looking at its geometry (Figure 4) or the
reaction path resulting from an IRC calculation (see movie in
the Supporting Information).

C—C bond formation then proceeds on the resultant B4
complex through an almost barrierless four-center transition
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state where the two carbon fragments on the metallic center are
coupled at the same time that fluoroboronic acid is expelled
from gold’s coordination sphere.

Thus, transmetalation in this mechanism is a two-step
process, with a first step (Bts-23) where the Au—C bond with
the second carbon fragment (a phenyl group in this system) is
formed, followed by a second step (Bts-34) where the C—B
bond on this fragment is broken. In contrast with trans-
metalations in other cross-coupling reactions,”®*® where these
two events take place in concert, the complete transference of
the ligand on the metal center that is exchanged for the carbon
chain does not occur until the reductive elimination step (Bts-
45).

In this context, it is interesting to discuss the role of fluorine
in the transmetalation. AIM analysis of the electron density on
the stationary points in this mechanism (L = PPh,, solvent)
allows the detection of a weak F—B interaction in B3 (p(BCP)
= 0.03), which is considerably enhanced in B4 (p(BCP) = 0.17)
and, obviously, even more in Bts-45 (p(BCP) = 0.19), where
fluorine is removed from gold’s coordination sphere. These
data correlate well with the values for Wiberg’s bond indices
between boron and fluorine: 0.11 in B3, 0.66 in B4 and 0.75 in
Bts-45. Thus, the fluorine atom, crucial in the second part of
the transmetalation (the complete exchange of the carbon
fragment provided by the boronic acid in Bts-34), already helps
stabilize complex B3 (B—F distance 2.262 A), where a weak
Au(IIT)—Ph bond is first formed (with a Au—Ph distance of

dx.doi.org/10.1021/j04005603 | J. Org. Chem. 2013, 78, 4929—4939
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Table 1. Relative Free Energies (kcal/mol) for the Stationary Points Involved in the Cross-Coupling Mechanism with Different

Halogens on the Au(III) Center”

X OH F
Bl 0.00 0.00
Bts-12 6.50 (6.50) 4.34 (4.34)
B2 0.73 0.31
Bts-23 4.58 (3.85) 4.97 (4.66)
B3 —692 —-1.15
Bts-34 —-6.15 (0.77) 1.81 (2.95)
B4 —34.24 —18.69
Bts-45 —26.80 (7.44) —15.96 (2.74)

cl Br I
0.00 0.00 0.00
6.18 (6.18) 6.76 (6.76) 5.73 (5.73)
—0.01 0.30 —-0.43
4.00 (4.01) 6.75 (645) 5.78 (6.21)
1.14 2.70 233
25.19 (24.05) 28.98 (26.29) 31.02 (28.69)
8.67 14.93 17.34
13.15 (4.48) 20.58 (5.65) 23.08 (5.75)

“B1 is taken as the origin of energies for all systems. The activation energies for transition states are given between parentheses.

35

30
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20
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W

(relative)

P
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reaction coordinate

Figure 5. Reaction free energy profile for the cross-coupling mechanism (Figure 3) in solution in which fluorine has been replaced by other groups
(X=OH, F, Cl, Br, I) and L = PPh;. The energies are in kcal/mol. In the lower part of the figure, the structures of B3 (first row) and Bts-34 (second
row) are depicted, together with the interatomic distances most relevant to the mechanism. The ordering is, from left to right, X = OH, F, Cl, Br, L in

both.

2.428 A and p(BCP) = 0.05, compared with a Au—C distance of
2.04 A and p(BCP) = 0.14).

It is worth noticing that the B—C bond has already
disappeared in Bts-34 and that no bond critical point (BCP)
is found between C and Ph in B4, although the Wiberg bond
index for this pair of atoms is non negligible at a value of 0.22
(it increases to 0.46 in Bts-45, as expected). Also, in B4, the
fluorine—boron bond is completely formed (B—F distance
1.366 A), and the Au—Ph bond has also been consolidated,
with p(BCP) = 0.13 and a Au—Ph distance of 2.057 A, which
makes the transmetalation complete.

Another interesting feature are the values of NBO bond
indices for the bonds in which gold is involved. They
consistently display low values (~0.6) that are later
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complemented by strong secondary orbital interactions.
These results agree with the relatively low values for the
electron density at the corresponding bond critical points:
~0.14 for Au—C bonds, ~0.09 for Au—F bonds and ~0.10 for
Au—P bonds, which get reduced to 0.13, 0.03 and 0.08,
respectively, in B4, with a formally tetracoordinated gold(III)
center (compare with values around 0.3 for C—C or C—H
bonds, or 0.4 for carbonyl bonds).

As is the case for the gold complexes in Figure 2, H(BCP) <
0 for all bonds to gold, allowing their classification as covalent
interactions with partial ionic character (specially large for the
Au—F bond). As expected from the accepted bonding models
for this kind of gold complexes, the values of H(r) and p(r)
indicate that the Au—L bond is remarkably more covalent when

dx.doi.org/10.1021/j04005603 | J. Org. Chem. 2013, 78, 4929—4939
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L = NHC than the Au—P interaction found with the phosphine
ligands.

A very similar intramolecular aminoarylation reaction of
alkenes and arylboronic acids catalyzed by the Au(III) obtained
by oxidation of Au(I) with Selectfluor was also independently
described by Toste et al.””*® and by Zhang et al.*® In line with
the findings of Toste et al. for the gold-catalyzed oxidative
hereroarylation of alkenes,”® we tried to characterize a five-
center bimolecular reductive elimination transition structure
that would bypass the transmetalation steps in this cross-
coupling mechanism. Such a transition structure was optimized
for L = PPh; (see Bts-conc in the insert in Figure 3), with a
relative energy of 4.66 kcal/mol, about 6 kcal/mol more
unstable than Bts-23, the highest energy stationary point along
the proposed path. The main difference between the two
systems is their use of a tetracoordinated Au(III) complex (and
a different carbon chain as coupling fragment), which would
make unfeasible a stepwise transmetalation such as that
proposed in our work, since it would involve a pentacoordi-
nated gold center in B3/B4. However, the free energy profile
inferred from the relative energies in Figure 3, with the low
barriers predicted for Bts-34 and Bts-45, makes a collapse of
some of these stationary points feasible upon changes in the
electronic properties of the fragments involved in the reaction,
connecting our stepwise process with the concerted mechanism
of Toste et al.

The rate-limiting step of this mechanism is the formation of
the bond between the gold center and the ipso carbon on Bts-
23, both because of the high energy associated to this transition
structure and the increase in stability that is achieved in B3 and,
specially in B4 after a low barrier transition state. The whole
mechanism is characterized by low energy barriers (the highest
being 6.49 kcal/mol) that make the cross-coupling product the
major experimental product under the studied reaction
conditions.

The energetic span model* has been applied to this system
using AUTOF® to confirm these results. For all ligands, the
turnover frequency determining transition state (TDTS) is Bts-
23, while the turnover frequency determining intermediate
(TDI) can be either B2 (for L = PPh;, NHC) or Bl (for L =
PH,, PMe,). Thus, since in the latter case the energies of B1
and B2 are very close, the calculated energetic span (E) for the
four studied mechanisms almost coincides with the activation
barrier corresponding to the B2—B3 step (with values of 5.70,
4.97, 6.48, and 8.09 kcal/mol for L = PH;, PMe;, PPh; and
NHC, respectively). In this case, the use of one ligand or
another in the calculations does not fundamentally alter the key
features of the mechanism: geometry of the intermediates and
transition structures, determining steps or even rough energy
profile, but definitely affects the energetic span, with values
within a window of about 3 kcal/mol.

Since the fluorine atom seems to play a key role in the
transmetalation process, we decided to test the extent of its
relevance by replacing fluorine by other halogens and OH (X =
OH, F, Cl, Br, I) and calculate the resulting reaction profiles for
the cross-coupling mechanism. For simplicity, we have directly
used geometry optimizations in solution with L = PMe;.

From the results in Table 1 and Figure S we appreciate that
up until Bts-23 the five profiles are well matched, spreading a
bit in relative energy for B3. The trend of the stability of this
complex with X is the trend that will prevail in all structures
further along the cross-coupling mechanism: OH > F > Cl > Br
> 1. After B3, the barrier corresponding to the transmetalation
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is almost nonexistent for X = OH, very low for X = F, and
rather large for the other three halogens (increasing in the
direction Cl < Br < I).

When using NBO bond indices to characterize bonding®"
(see the Supporting Information for a table with all the relevant
values), we find that the main feature setting appart B3-OH
and B3-F from the equivalent structures with the heavier
halogens is the extent to which the B—X bond is formed, and
the resultant stabilization of the complex: the interaction is
strong when X = OH (0.51 bond index), considerably weaker,
but well-defined, when X = F (0.11 bond index) and virtually
nonexisting for the other structures (values for the bond index
ranging between 0.02 and 0.04). This interaction, which
highlights the key role of fluorine in the cross-coupling
mechanism, also leads to low energy, early ts-34 transition
states for X = F and X = OH (in the latter case, the structure
barely changes from that of B3). In ts-34, the Ph fragment is
being transferred from boron to gold, which is reflected in a
weakened B—Ph bond and a forming Au—Ph bond. These
changes in bonding are much more pronounced for the heavier
halogens (bond indices going from 0.77—0.78 in B3 to 0.30—
0.35 in ts-34 for B—Ph and from 0.10—0.12 to 0.37—0.40 for
Au—Ph) than for F (B—Ph bond index going from 0.75 to 0.70
and Au—Ph bond index going from 0.16 to 0.18). At the same
time these changes are taking place, the B—X bond becomes
stronger, but the extent of this strengthening is much higher for
X = Cl, Br, I (B—X bond indices between 0.67 and 0.71) than
for X = F, OH (B—X bond index of 0.38 for X = F), especially if
we take into account that this interaction was already present in
B3 for the latter ligands. Thus, the geometry constraints
imposed by the increasingly longer Au—X bonds when going
from X = F to Cl, Br, and I, make the four-center ts-34
transition state, considerably later, more asynchronous and
higher in energy.

Fluorine also provides the lowest barrier for the reductive
elimination step, at 2.74 kcal/mol, but the other barriers range
from 4.5—7.4, making them affordable if not for the high barrier
of the previous step and the resultant destabilization of B4.

Thus, the involvement of fluorine as a gold ligand in this
mechanism seems to be not simply a side result of the use of
Selectfluor as an oxidizing agent but a required element for a
favorable cross-coupling mechanism, especially important in
providing a low energy path for the transmetalation.

Homocoupling. The second path studied, leading to the
homocoupling product, is less useful than the cross-coupling in
terms of synthetic applications but provides interesting insights
into gold catalysis with an example in the same mechanism of
its dual behavior as either a classic transition metal or as a
transmetalation agent.

Taking F1-A and C1 as reference for the calculation of free
energies, we start this mechanism from complex G1 where the
gold(1II) center adopts a square planar geometry, completing
its coordination with the oxygen on the carbonyl group of the
gold(I) complex. The gold(I) center in G1 is linear, as is most
common with Au(I) complexes.

Alternative entry points to the cycle, other than complex G1,
have also been studied, but we have relegated them to the
Supporting Information. Although some structures which place
the two gold atoms at an interacting distance and complete the
coordination of the Au(III) center with the carbonyl oxygen of
the Au(I) ligand are lower in energy than Gl and G2, the
transition states that lead from them to structures analogous to
G3 are either considerably more energetic than the alternatives
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Figure 6. Mechanism proposed for the homocoupling reaction of the carbon chain on gold(III) complex F1 a nonoxided gold(I) moiety C1. Free
energies (kcal/mol) in gas phase and (in acetonitrile) are expressed relative to those of the starting complex G1 For the transition structures,
activation free energies are noted in bold italics. The colors indicate the ligand used in each case: red, L = PHj; green, L = PMe;; blue, L = PPhy;
purple, L = NHC, (where NHC = 1,3-dimethylimidazol- 2-ylidene). Where an asterisk is placed besides a parentheses, it means that these solvent
data correspond to single point energy calculations in solution on the gas-phase optimized geometries (using gas-phase frequencies to calculate

thermal properties).*>

in the mechanism in Figure 6 or lead to a trans disposition of
the two carbon chains on the Au(Ill) center in G3 that is
unsuitable for the required reductive elimination (see the
Supporting Information for further information).

Thus, after the formation of G1, a low energy transition state
exchanges the positions of the oxygen and the Au(I)-bonded
olefin at the Au(Ill) center, resulting in an intermediate G2
where the same enone is bonded to two gold atoms: to Au(I)
through a ¢ bond and to Au(Ill) through a 7 interaction.

Next, we found a very interesting process for the trans-
metalation, occurring either through a very low barrier TS or
through a barrierless downhill path. It involves a first step
where the coordination of the enone that comes from the C1
fragment switches from o-bonding to Au(I) and 7*-bonding to
Au(III) in G2 and to 7*-bonding to Au(I) and o-bonding to the
Au(Ill) center in G3. After this, the transmetalation is
completed through Gts-34, a transition structure with many
similarities to Bts-34. In this step, again characterized by a low
barrier, the Au(I) center detaches itself from its carbon ligand
to form a new bond with the fluorine atom still coordinated to
Au(III). G4 then undergoes a four-center reductive elimination,
where the two carbon fragments are coupled at the same time
that the Au—F bond is broken and the two gold complexes
(now both as Au(I)) are separated. The activation energy for
this step (varying between 9 and 14 kcal/mol) is higher than
the barriers for reductive elimination on G4, which could be
attributed to the different properties of the coupling fragments
(enone—enone vs phenyl—enone). In this homocoupling
mechanism, the reductive elimination is rate limiting, compared
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with the transmetalation in the cross-coupling path. Application
of the energetic span model identifies Gts-45 as the TDTS and
G#4 as the TDI for all ligands. The energetic span (SE) of the
reaction is larger than that found for the cross-coupling
mechanism, with values of 8.99, 11.54, 9.21, and 13.87 kcal/mol
for L = PH;, PMe;, PPh;, and NHC, respectively, almost
identical to the corresponding activation barriers for Gts-45.

As with the other mechanism, we have performed NBO
analysis of the wavefunctions and AIM analysis of the electron
density on the stationary points along the potential energy
surface.>® The bonding patterns that arise from such analysis
are clearly reminiscent of those found in the cross-coupling
mechanism. Bonds to the Au(III) center display low Wiberg
bond indices (Au—P [0.45—0.64], Au—F [0.26—0.38], Au—C
[0.60—0.66]) that get supplemented by strong secondary
orbital interactions, which draw a picture that is compatible
with the values found for p(BCP) (0.14 for Au(IIl)—C bonds,
[0.07—0.10] for Au—F bonds and [0.09—-0.11] for Au—P
bonds) and H(r) (all negative) for these bonds.

The specifics, however, change a little. The Au(III)—C, bond
is not greatly altered along the reaction path (up until the
reductive elimination step in Gts-45, for obvious reasons), with
consistent p(BCP) values of 0.14, distances between 2.03 and
2.05 A, and Wiberg bond indices between 0.60 and 0.66.
Au(IIT)—F and Au(III)—P bonds, however, are somewhat more
variable, responding to the changes in coordination of the
Au(III) center. The Au(III)—F bond is elongated (from 2.04 to
2.17 A, with p(BCP) ranging between 0.10 and 0.07 and
Wiberg bond indices from 0.38 to 0.26) when going from G1
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Figure 7. Reaction free energy profile in gas phase (solid lines) and in solution (dashed lines) for the mechanism in Figure 6. The different
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dimethylimidazol-2-ylidene). Bottom: a 3D representation of the structures involved in the mechanism is included, using PMe3 as ligand (since
some of the intermediate structures could not be optimized with L = PPh;).*®

to G4 a tendency also paralleled by the Au(III)—P bond (from
2.31 to 2.45 A, with p(BCP) ranging between 0.11 and 0.09). It
is worth noting that there is a bonding interaction between
Au(III) and C, as soon as G2, although the distance is still large
(2.427 A) and the p(BCP) and Wiberg bond index small (0.06
and 0.22, respectively). This interaction increases noticeably in
G3, with a Au(III)—C, distance of 2.120 A, p(BCP) of 0.12 and
bond index of 0.45. This interaction is further enhanced in G4,
after transmetalation has been completed, with a Au(IlI)-C,
distance of 2.089 A, p(BCP) of 0.13, and a bond index of 0.51.
This strengthening of the Au(III)—C, bond correlates with the
weakening of the Au(I)—C, bond, with distances of 2.111 and
2278 A, values of p(BCP) 0.15, 0.08 and bond indices 0.44 and
0.23, for G2 and G3, respectively. In G4, the Au(I)-C,
interaction has vanished and no BCP is found (the distance
is 3.863 A). In analogy with the cross-coupling mechanism, the
fluorine atom also helps stabilize structures G2 and G3, well
before a full Au(I)—-F bond has been established after
transmetalation in G4. In G2, the Au(I)—F distance is still
large, at 2.842 A, and both the p(BCP) and bond index are
small with values of 0.019 and 0.07, respectively. The two
atoms slightly approximate in G2, to a distance of 2.763 A, with
an accompanying increase in p(BCP) (to 0.023) and Wiberg’s
bond index (0.08). In G4 these values change to 2.112 A, 0.08
and 0.27, respectively.

Of late, there have been reports of interactions between two
(or more) gold centers enhancing catalysis>”** and exciting
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advances in the study of aurophilic interactions.***” The
calculations by Mendizabal and Pyykks*® support the existence
of Au(I)—Au(Ill) aurophilic interactions (for the Au(I)—
Au(III) distance in the dinuclear complex Au,(PhP(C4H,-S-
2),),), found experimentally to be 2.978 A (the authors
calculated with MP2 a 3.188 A distance in a much simplified
model). Other works, find Au(I)—Au(I) interactions at larger
distances, such as 3.3 A.** The gold—gold distances in the
dinuclear complexes in the minima of the homocoupling
mechanism (ranging between 3.4 and 3.6 A) are larger than the
332A resulting from the sum of two gold’s van der Waals radii,
but the shorter Au(I)—Au(III) distances found in Gts-45 (3.24
A) prompted us to explore the possibility of metallophilic
interactions between the two gold centers along the reaction
path. However, AIM analysis of the electron densities for all
stationary points showed no gold—gold bond critical points,
and the values of bond indices obtained after an NBO analysis
are very low (between 0.06 and 0.09, with an outlier at 0.13 for
Gts-45). However, aurophilic interactions are not completely
discarded and a more detailed study on the effect of ligands on
the geometries and bonding patterns of these complexes are
being carried out.

B COMPUTATIONAL METHODS

We have used density functional theory in the Kohn—Sham
formulation as implemented in Gaussian09™ to locate minima and
transition structures on the potential energy surfaces of the systems
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studied. Considering the results of our benchmark of density
functionals for the structures in the “gold carousel”,*! against
CCSD/def2-TZVPP//CCSD/def2-SVP data,** we have chosen the
MO6 functional®® with the double-{ quality def2-SVP basis set.**
Relativistic effects, which determine a large part of gold chemistry,
have been introduced through the electron core potential (ecp-60-
mwb) usually associated with this basis set** As in our previous
work,* an integration grid containing 99 radial shells and 590 angular
points per shell has been employed throughout the entire study.

For all stationary points, the stability of the wave function has been
computed® and harmonic analysis of the second derivatives of the
energy with respect to the nuclear displacements performed to
characterize them as minima or transition structures.

Approximate reaction profiles have thus been calculated for the
paths leading from 7 to S and 3 (see Figure 1) both in the gas phase
and in acetonitrile (the most common solvent used in the
experimental paper by Zhang et al.'*). In order to simulate solvation,
the polarizable continuum model (PCM) with the integral equation
formalism variant (IEFPCM)*"** was used with UFF radii in
Gaussian09 for the latter calculations (dielectric constant 35.688).

For selected structures (as indicated in the text), atoms in molecules
(AIM) theory® and natural bond orbital (NBO) theory™ have been
used to analyze, respectively, the topology of the electron density and
the wave function of the optimized structures in solution, in order to
describe bonding interactions in the organometallic complexes. For the
first, we have used wave functions calculated with Gaussian09 (where
additional core electron density functions have been added to avoid
the spurious critical points due to the use of an electron core potential
for gold) with the AIMAII code;™! for the second, the NBO3.1 code as
implemented in Gaussian09.>> The energy density H(r) at the bond
critical point is used to check the covalent character of bonding. As
proposed by Kraka et al,>*™>* a negative value of H(BCP) denotes a
covalent interaction.

Unless otherwise specified, all thermodynamic and structural
parameters mentioned in the text refer to the reaction paths optimized
in solution.

For the visualization of results and preparation of figures in the
paper, Molden*® and Cylview®” have been used. The AUTOF program
in its Excel version® has been used to calculate the energetic span
(6E) and turnover frequency determining transition states (TDTS)
and intermediates (TDI) in the context of Kozuch’s energetic span
model.*

In order to reduce the computational cost, the n-butyl side chain
used in the experimental paper has been replaced by a methyl group in
all our calculations. In a first stage of our work, we also substituted the
bulky triphenylphosphine (PPh;) ligand on gold with trimethylphos-
phine (PMe;), but later we decided to use this study as a testing
ground for the soundness of such ligand simplifications, commonly
used in this kind of computational mechanistic studies, comparing the
reaction profiles with L = PH;, PMe, and PPhs.>® Since N-heterocyclic
carbenes are becoming more popular in gold-catalysis, due to their
interesting properties” we have also calculated the profiles using a
small NHC (1,3-dimethylimidazol-2-ylidene) in order to establish
potential differences between the use of carbenes and phosphines as
ligands in these mechanisms. When no other specification is added in
the discussion, all the data in the text are supposed to refer to
geometries optimized in acetonitrile with triphenylphosphine as a
ligand. With the same goal of reducing the computational cost, we
have neglected to include the counterion of the gold complex
[Ph;PAu]*, which is not expected to directly affect the reaction center
in this solvent

Conclusions. This work, which uses state-of-the-art computational
tools to study gold-catalyzed cross-coupling reactions, provides
relevant results in two areas. (1) It describes in detail the two paths
available to gold(III) complex 7, leading to new, basic information on
the mechanisms involved in gold catalysis and cross-coupling
processes. (2) It offers insight into the computational treatment
needed for these systems.

From the mechanistic study itself, we conclude that the cross-
coupling mechanism that opens when PhB(OH), is used is the most
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favorable under the conditions studied, in agreement with the
experimental findings (see Figure 8). It proceeds through a two-step
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Figure 8. Comparison of the free energy profiles in gas phase (solid
lines) and in solution (dashed lines) for the homo- and cross-coupling
mechanisms with L PMe;. The cross-coupling mechanism is
preferred over the homocoupling.

transmetalation, assisted by a F—B interaction, in which the B—C bond
is broken (Bts-34) after the Au—Ph has been formed (Bts-23). The
transference of the fluorine atom that is exchanged for the carbon
chain on gold’s coordination sphere upon transmetalation is only
completed in the four-center reductive elimination step (Bts-45). The
substitution of fluorine for other halogens in this mechanism,
significantly alters the reaction profile, with considerably higher
barriers for the transmetalation step, arising from the larger Au—X
distances disturbing the four-centered transition structure. Replace-
ment of fluorine by OH, however, leads to a lower-energy
transmetalation, which makes worth exploring gold oxidation with
oxygen electrophiles. The turnover frequency determining transition
state (TDTS) in this mechanism is the first step of the transmetalation
(Bts-23) for all ligands, and the energetic span values ranging between
5.0 and 8.1 kcal/mol correspond to a readily proceeding reaction.

In the absence of another transmetalation agent, Au(I) complex C1
can transfer its enone moiety to the Au(IIl) center and generate a
homocoupling product. This path, with energetic span values ranging
between 9.2 and 13.9 kcal/mol, is not competitive with the cross-
coupling with boronic acids, but it does not require a strong activation
either. The main features of this mechanism are the evolution of the
enone on Cl from o-bonding to Au(I) and 7*-bonding to Au(1Il) to
n*-bonding to Au(I) and o-bonding to Au(III), the early apparition of
a Au(I)—F interaction that parallels the B—F interaction found in the
cross-coupling mechanism and the persistence of the Au(III)—F bond
up until the reductive elimination step, in contrast to the more
common concerted transmetalations found in other systems. In this
mechanism, the four-center reductive elimination is the turnover
frequency determining transition state (TDTS) for all ligands. Of
special relevance is the dual character of gold along this path, acting
both as organizing metallic center and as a transmetalation agent,
which opens the way for the use of gold in more general cross-
coupling reactions. In this line, it could be interesting to run
experiments with different Au(III) and Au(I) salts, in order to evaluate
the possibility of cross-couplings where this dual role of gold is further
exploited.

Regarding the methods used to model the mechanisms, it is found
that the inclusion of solvation is important. It smoothens out certain
features of the potential energy surfaces, transforming some transition
structures that are found in the gas-phase, in shoulders in the potential
energy surface in solution. Just optimizing in gas-phase and using
single-point calculations in solution to correct the results might not be
enough to provide an accurate description of the mechanisms. Beyond
that, the general shape of the profiles is not essentially altered in
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solution from the gas phase values although the free energy values can
change significantly and the barriers are consistently higher.
Comparison of competitive mechanisms can thus be quite off.
Truncation of the ligand does not affect the general shape of the
profile overmuch (although in the cross-coupling mechanism, the TDI
changes when going from the smaller phosphines to PPh;); however,
the energy spans change in a window of about 3 kcal/mol for the
phosphines, which may or may not be tolerable depending on the
application sought.

B ASSOCIATED CONTENT
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Restricted optimizations for the Au—N and Au—O distances in
G1 and F1-B-CH;CN, alternative structures involved in the
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